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Abstract 
A major challenge to characterising fractured reservoirs in the oil industry is the insufficient subsurface geometrical data. The 
required geometric properties include not only fracture density but also the connectivity features of the network such as 
realistic branching, bends and truncation which are especially important for tensile fractures developed in sedimentary 
sequences. Compared to the common DFNs (Discrete Fracture Networks), which lack certain mechanically realistic features, 
new numerical models are able to grow fracture networks based on geomechanical rock failure mechanisms. In this work, the 
FEMDEM simulation code, Y2D is used as a simulation tool to investigate the fracture pattern development under plain strain 
conditions in a stratified shale-limestone-shale model. The three-layer sandwich is compressed normal to the layering in 
velocity control resulting in indirect layer parallel extension. Different degrees of confining pressure, interlayer friction and 
heterogeneity index in the central limestone are investigated. The objective of this work is to examine the fundamentals of 
fracture pattern propagation in stretched multilayers and to examine important factors governing spacing to layer thickness 
ratio for layer-bound fractures given that this ratio and the thickness of limestone beds as seen in sedimentary reservoir logs 
are often used as a predictor of fracture spacing and ultimately, flow properties. The simulation results from this project 
demonstrate that an increased confining pressure leads to closer fracturesand a decreasing spacing to layer thickness ratio. A 
higher friction coefficient at the layer interfacesalso tends to result in increasing fracture numbers in the central limestone 
layer. The heterogeneity model suggests that with a higher degree of heterogeneity, a larger number of flaws tend to grow in 
the limestone but not necessarilywith the characteristics of typical tensile fractures. 
 
Key words: fracture pattern, FEMDEM, spacing to layer thickness ratio. 
 
Introduction 
Background 
Natural fractured reservoirs contain a significant and increasing proportion of the world’s hydrocarbon reserves. The 
challenge of characterising the fractured reservoirs is mainly attributed to the lack of sufficient subsurface geometrical data to 
create a realistic simulation model. In order to overcome this problem, Discrete Fracture Networks (DFNs) were first 
introduced by Priest and Hudson (1976) to simulate the fracture network properties. Nowadays, although DFNs are still 
important for reservoir engineers to predict reservoir permeability, they lack certain basic mechanically realistic features 
including bending, forks and fracture truncations which would make a great impact on the reservoir bulk flow and 
geomechanical properties. Therefore, further comprehension of the fracture propagation and coalescence is fundamental to the 
prediction of fracture properties under stress and the resultant fracture flow behaviour. 
Opening-mode fractures are common in sedimentary rocks and they are usually confined by the layer boundaries with their 
height equal to the layer thickness (Bai et al. 1999). Tang et al. (2008) demonstrates that it is oversimplified to treat the multi-
layered materials as homogeneous in the numerical model. Therefore, a number of fracture models based on heterogeneous 
multi-layered materials have been created to provide further understanding of realistic fractures network. Among the focus 
points of previous papers, the relationship between fracture spacing and the layer thickness ratio has been researched by a 
number of investigators using both field study and numerical simulation. (Gross, 1993; Wu and Pollard, 1993; Bai and Pollard, 
2000; Bai et al. 2000; Tang et al. 2008; Wang 2009; Latham et al. 2010). Obviously, it would be beneficial for reservoir fluids 
prediction if the fracture spacing can be deduced from the apparent thickness known from drilling (Latham et al. 2011). 
In many field studies for sedimentary rocks, although including some exceptions, fracture spacing was observed to have a 
roughly proportional relation to the fractured layer thickness with the ratio of spacing to layer thickness ranging from less than 
0.1 to greater than 10. A roughly linear relationship was obtained by regression from scattered data, (Bai and Pollard, 1999). 
Some numerical and experiment researches reveal that the fracture initiates in layered materials when the tensile stress in the 
competent layer exceeds the local tensile strength. But then the stress starts to concentrate between the existed fractures until 
the next fracture infilling occurs. In the four-point bending experiments, Wu and Pollard (1993, 1995) show that the spacing of 
fractures decreases approximately as the inverse of the increasing strain, by fractures propagating and developing between 
former existed failures. Finally, the fractures locate very close to each other and no further fracture would nucleate. Similarly 
in a number of previous studies, this concept of sequential fracture infilling was mentioned, (Garrett and Bailey, 1977; 
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Cobbold, 1979; Wu and Pollard, 1991). In the latest numerical studies, researchers have discussed “fracture saturation”, which 
is the condition when no more fractures will nucleate with increasing strain during the process of “fracture sequential infilling” 
(Wu and Pollard, 1995; Bai and Pollard, 2000). The widely accepted explanation for this fracture saturation is that when 
fracture spacing to layer thickness ratio exceeds a curtain value, the normal stress perpendicular to the flaws concentrated 
between neighbouring fractures changes from tensile to compressive stress. This stress transition to compression normal to the 
fractures precludes further sequential tensile fracture infilling unless affected by some special conditions such as a pre-existing 
weakness or an internal fluids driven pressure (Bai and Pollard, 2000). Using a 2-dimensional finite element code, RFPA, to 
simulate the whole fracture forming process for layers in direct tension, Tang et al. (2008) confirmed and quantified the 
occurrence of fracture saturation due to the relaxation of tensile stress. Also, the delamination phenomenon and the through-
going fractures, which propagate through the limestone and cut into the shale layer, could be modelled with their fracture 
model. Latham et al. (2011) were first to apply FEMDEM models to this multilayer fracture problem. Using a FEMDEM 
numerical model for analysis of layer bound tensile fracturing, (a type of model and analysis that shall be further developed in 
this study), they demonstrated that under certain conditions and limitations of the modelling, a range of spacing to thickness 
ratios would develop at saturation.  The case they examined was compressive stress applied normal in the layered materials 
(equivalent to stresses caused by realistic overburden or burial). However, the regular and somewhat coarse meshes used in 
their models tended to generate failures more easily than was considered to be realistic and furthermore; localised shear failure 
in the shale was often seen as the trigger for tensile failures in the competent limestone. Some significant control factors were 
not in the scope of previous studies. These include the effect of interfacial friction, introduction of an irregular mesh geometry 
which allows for a greater freedom of fracture orientation, confining pressure, and the effect of heterogeneity in the competent 
central layer as controlled by a heterogeneity index. 
The objective of this paper is to apply the finite-discrete element method (FEMDEM) code, Y2D, in plain strain 
conditions, to simulate the realistic progress of fracture evolution in a stratified model under the layer-normal compression and 
with various degrees of confining pressure to resist the extension of the layers. Based on this numerical model, several loading 
conditions and processes that control the fracture patterns and spacing to thickness ratio are discussed in this paper. 
 
Approach 
The finite-discrete element (FEMDEM) code Y2D used in this project was pioneered by Munjiza in the 1990s. Similar to 
the original code made available with the book of Munjiza (2004), this new code, with friction between any independently 
moving contacting elements implemented, was developed by a combined project of Imperial College London and Queen Mary 
University, see Xiang et al. (2009) for 3D FEMDEM development. The basic algorithms of this simulation code were devised 
by Munjiza (2004), based on an experimental approximation for stress-strain curves of concrete tension analysis. A combined 
single and smeared crack model implemented in this FEMDEM code was used to simulate the transition from an intact 
continuum condition to crack initiation and propagation. 
Fracture pattern propagation and fragmentation realisation are presented by this 2-dimensional simulation tool. The criteria 
of fracturing in this opening-mode numerical model are: tensile failure happens when the stress normal to an element boundary 
exceeds tensile strength, while shear failure appears at an element boundary when shear stress reaches 3.5 times tensile 
strength on that element boundary. 
In this project, a three-layer model of limestone and shale similar to the previous work of Latham et al. (2011) was used. 
The competent limestone layer was sandwiched between top and bottom incompetent shale layers with surface velocity 
loading and the whole numerical model was loaded by right and left confining pressure. (Figure 1).This paper extends the 
previous work by: (1) Irregular fine mesh size (shown in Fig 1.b and Fig 1.c) is applied in this approach which provides more 
explicit realistic simulation results. (2) Several possible control effects to fracture pattern development are investigated 
including confining pressure, interface friction coefficient and heterogeneity index. 
 
Numerical Modellingof Fractures and Results 
Three-layer modelsfracture evolution 
The algorithms and functions of this fracture model implementation in the Y2D code were first applied by Munjiza et al. 
(2002) and later by Xiang et al. (2009). Further applications of this improved FEMDEM code were completed by Wang 
(2010) and Latham et al. (2011), who followed the set-up of Bai and Pollard (2000) and Bai et al, (2000) to examine layer-
bound fractures. Their simulation results have completed the verification of the FEMDEM numerical method applied in this 
project. 
The 0.6 meter length rectangular fracture model used in this paper is similar to the work of Latham et al. (2011) which is a 
competent limestone layer of 0.03m thickness surrounded by two shale layers of 0.045m thickness including 46364 irregular 
mesh elements within this numerical model. The three layers are not welded together and there is Coulomb type friction 
behaviour between the layer interfaces.  The upper and lower boundaries converge under a constant velocity of ±0.05m/s (+Vy 
and -Vy). This takes place after an initial uniformly accelerating phase from zero velocity where acceleration =25m·s-2, This is 
found to decrease the initial stress wave effect that can occur if confining pressure is loaded instantaneously. For different 
modelling control factors, 15 different models are applied to examine the influence they can make to the fracture propagation 
and spacing to layer thickness ratio as shown in Table 2. In Model 1~Model 4, the frictional coefficient is set as 0.6 both for 
the layer interface and shearing on fractures within either rock type, while the limestone layer is set as homogeneous material 
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(i.e. no heterogeneity) for Model 1~Model 8. Different heterogeneous effect is considered to be a potential control factor of 
fracture pattern in this project. Parameter hi is introduced as a heterogeneity index which is based on both Young’s Modulus 
and strength. And a lower hi value means a higher heterogeneous model. 
The layer material stiffness and properties chosen in this project are based on the reasonable range for realistic limestone 
and shale in the literature of Engelder and Peacock (2001); Lama and Vutukuri (1978). Details of the material characteristics 
and model parameters for each case are shown in the Table 1. An average vertical strain of 0.014 in y direction is set as the 
maximum applied deformation. A time step of 5·10-8 is applied to ensure that the fracture pattern development in the 
competent layer reaches the stable state. Formula for average strain in y direction is shown below: 
22 0.5 ( ) 100%yy mn Timestep Tε α = × × × × ÷ ×                        
(Vy<0.05 m/s, uniformly accelerated converging progress) 
0.083 2 ( ) 100%yy y mn Timestep Tε ν = + × × × ÷ ×            
(Vy=0.05 m/s, uniformly speed converging progress) 
Where α is a uniformly accelerated rate while n is the dump file number. Vy=0.05 m/s, is the uniformly convergence speed 
loaded on the upper and bottom boundaries. 0.083% is the strain value at time=0.02s when uniformly accelerated motion 
transfers to uniformly speed converging progress and Tm is the total thickness of the model. 
 
 
 
a. Three-layer sandwich model with loaded boundary conditions 
 
 
 
               shale                      limestone 
 
b. The fine mesh for the whole model in GID. 
 
c. The irregular mesh within both rock types. 
Figure 1: Numerical elastic three-layer model 
 
 
#: Minimum triangular edge in irregular mesh element generated with GID 
Table 1. Material properties and model parameters 
Limestone Shale Unit
2700 2500 kg·m-3
30 10 Gpa
0.3 0.2 -
0.6 0.6 -
5 2 MPa
17.5 7 MPa
40 30 J·m-2
0.03 0.045 m
0.002 0.002 m
Young's modulus:
Poisson's ratio:
Friction coefficient:
Tensile strength:
Shear strength:
Energy release rate:
Layer thickness
Mesh size#
Rock Type
Density: 
Y 
X 
Y 
X 
4  SPE 
Model NO Basic Condition Elements NO Model Size  MaxStrain
1 P=1  MPa
2 P=0  MPa
3 P=5  Mpa
4 P=10 MPa
5 P=1 MPa,Homogeneous
6 P=5 MPa,Homogeneous
7 P=1 MPa,Homogeneous
8 P=5 MPa,Homogeneous
9 hi =1.2
10 hi =1.6
11 hi =2
12 hi =6
13 hi =10
14 hi =14
15 hi =100
0.6*0.12(m) 1.4%
Controls factors
Heterogeneity Index
Friction Coefficient
µ = 0.6
Confining Pressure
µ  = 0.6
Confining P=5 MPa
46364
µ = 0
µ = 1.0
Homogeneous
 
Table 2. Details of parameters for different numerical models 
 
Confining Pressure Effect 
In order to investigate the influence of confining pressure effect on the entire fracture networks formation and S/T ratio, 
different confinement conditions with Pressure=1, 0, 5, 10 MPa are applied in this section. In all models the layer materials for 
shale and limestone are homogeneous and the frictional coefficient µ is set at 0.6 for both the shearing on fractures within rock 
type and horizontal contacts between them. Therefore, the frictional resistance force between un-welded layers governed by 
the µ value is the same while the upper and bottom surface are converged by a loading deformation rate Vy=±0.05 m·s-1(a 
constant rate after a uniformly accelerated motion from Vy=0 with a=25 m·s-2 ). Details of the fracture pattern evolution are 
shown in Figure 2. The bulk strain εyy in the Figure is calculated by average displacement in y direction based on 10 equally 
spaced sample elements selected from the central limestone layer. And the S/T ratio is the average fracture spacing versus 
limestone layer thickness when the last fracture propagates before fracture saturation and opening. 
The first shale failures in these four models mostly initiate from the limestone-shale contact in the horizontal ends and then 
extend into the shale layer tilted to the X direction and shale fracture network then develops to perturb the upper boundary of 
the limestone. The FEMDEM model applied in this project does not have a continuum plasticity model, only a brittle fracture 
yield model. It is uncertain how realistic this inelastic model of deformation is for geologically loaded limestone and shale 
sequences. However the elastic and inelastic extension induced in the shale layers contribute to the limestone layer 
experiencing extensional due to the boundary shear stresses imparted as the shale layers are stretched under the plain strain 
constraints. 
Model 1 has a moderately confined boundary pressure=1 MPa, the 1st tensile crack initiates near the right end of the model 
when the shear failure generated by compression stress in the shale extend to the interface and perturb the boundary of central 
limestone layer (with maximum vertical bulk stress of 17 MPa according to mean εyy = 0.205% seen in Fig4). The orientation 
of this fracture is from the upper shale layer to the lower shale layer acting perpendicular to the horizontal interface. The 2nd 
and 3rd fractures occur orderly at around 0.207% close to the 1st, and the 4th fracture nucleates in the longest intact segment 
where there is no apparent initiator resulting from the shale fractures. The 5th, 6th and 7th crack roughly occur in the middle part 
of the long unbroken parts between existing fractures 2nd and 4th; 5th and 2nd; 4th and 5th, where locates the maximum tensile 
stress basically following the infilling sequence theory as suggested in the previous literature (Hornig et al. 1996). After the 
occurrence of 8th fracture (εyy= 0.230%), the 9th fracture propagates extremely closed to the 7th one. This is because the high 
stress concentration is not completely released by the 7th fracture illustrated by the Fig3, and details of the stress state between 
the 7th and 9th flaws shows that the conjugate of these two fractures finally is caused by the combination effect of both strong 
tensile and shear stress. Fracture 10 happens in the left end of the model at εyy= 0.267% and finally fracture 11 propagates 
between 9th and 5th by 0.489%. From 0.205% till to 0.267%, this phase of rapid orderly failure evolution is accompanied by the 
obvious reduction of mean vertical stress shown in the plot of Figure 4. The saturation phase is then obtained after 11th 
fracturing and the increasing strain is accommodated by the opening of the existed fractures in the limestone. 
Model 2 is set as a case with no suppressed left-right boundaries (P=0 MPa). Correspondingly, the opening fractures are 
pulled apart at an evident extent while the wedged out fragments are obvious seen as an end effect in this model (Fig 2.Bb ) 
because the damaged end parts are easily to stretch out with no resistance.  
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a. εyy= 0.205% 
 
b. εyy= 0.207% 
c.   εyy = 0.217% d.   εyy=0.222% 
 
e.   εyy= 0.230% 
 
f.   εyy= 0.232% 
 
g.   εyy=0.267% 
 
h.   εyy= 0.489% 
 
i. εyy= 0.10% 
 
j. εyy= 1.4 %; S/T=1.70 
A. Model 1: Confining Pressure=1 MPa 
 
a. εyy= 0.30% 
 
b. εyy= 1.4 %; S/T=1.92 
B. Model 2: Confining Pressure=0 MPa 
 
a. εyy= 0.30% 
 
b. εyy= 1.4 %; S/T=1.54 
C. Model 3: Confining Pressure=5 MPa 
 
a. εyy= 0.30% 
 
b. εyy= 1.4 %; S/T=1.18 
D. Model 4: Confining Pressure=10 MPa 
Figure 2. Fracture patterns evolution progress for each model obtained from FEMDEM simulation. A, B, C and D represent four 
models under different confining pressure. εyy is the average bulk strain expressed as percentage of model thickness. S/T is the 
average fracture spacing versus limestone layer thickness ratio (Calculated by the longest horizontal distance between two fractures 
in the limestone layer before fracture saturation and opening divided by spacing numbers). 
1 2 3 
4 5 6 
7 8 9 
1 
2 3 1 
2 3 1 
2 3 1 
2 3 1 
1 2 3 
4 5 1 2 3 
7 8 4 5 1 2 3 
7 8 4 5 1 2 3 
4 5 
6 4 5 7 8 
9 6 4 5 7 8 10 
10 10 9 6 4 5 7 8 
11 
11 
6 
6 10 9 
9 11 
4 
6 
4 2 10 9 7 6 8 5 3 1 
1 
3 6 2 4 5 
2 
3 6 2 4 5 
10 
9 8 7 1 11 14 12 13 
11 3 6 9 7 8 1 2 10 5 4 13,14,12 
16,17,15 
1 
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a. Highly stress concentration   b. Amplitude shear stress   c. Strong tensile stress       d. Tensile stress release 
 
  (for b) 
  Tensile stress                                   Shear stress 
(for a,c,d) 
Shear stress                               Tensile stress 
Figure 3. Details of stress state between two adjacent fractures 7th and 9th. 
 
 
Figure 4. Bulk stress versus normal strain for 4 models with different confining pressure. The bulk stress σyy is calculated by average 
vertical stress based on 10 equally spaced sample elements stochastically selected from the central limestone layer 
 
Model 3 has a higher confining pressure of 5 MPa. Fracture sequential infilling observed in this model is similar as the 
other cases. First fracture develops at 0.23% strain and followed by orderly fractures infilled in the remaining intact segments. 
But at bulk strain εyy= 0.30%, there are only six fractures nucleated compared to the eleven fractures existing in the Model 1 at 
the same strain and the fracture saturation is reached at a highly strain about 0.89 % (see Fig4). The final fracture network 
shows that the much more developed high density diffuse pattern of anastomising fractures in shale takes up the inelastic strain 
in this case of higly confined stress, which is even more developed in P=10 MPa case. The fluctuation of stress in the post-
peak loading curve (it ranges from 10~14MPa; εyy= 0.30%~1.40%) are possibly attributed to much more significant stick-slip 
frictional behaviour mainly in shale. This highly stress remaining in the rock model could be the reason why fractures can still 
propagate at a much higher strain phase. 
Model 4 , P=10 MPa, Fig 2.D , the development of diffuse shear failures damaged down to elements level is shown in this 
extremely high confined simulation model compared to Model 1, Model 2 and Model 3. Even in competent limestone, many 
cracks converge to clusters or zones imposed by high confining stresses acting at the left and right boundaries. Although the 
number of fractures formed at vertical strain 0.30% is only 2, even smaller than that of Model 3, the final fractures density is 
much higher than the other cases while the greatly postponed saturated fracture phase appears by 1.34% with an average 
spacing to layer thickness ratio of 1.18. 
 
Friction Coefficient Effect: 
In the previous works, investigators (Tang et al. 2008; Bai et al. 2000) commonly regarded the layer contacts as welded in 
their models. This would preclude what might be construed as realistic delamination and or frictional phenomenon (Latham et 
al. 2011). In order to obtain an explicit geometric realisation of fracturing and fragment development, three model conditions 
spanning a range of interlayer friction coefficients are selected to study the influence they could make on the fracture evolution 
and spacing to layer thickness ratio as follows: A: friction coefficient µ=0; B: µ =0.6; C: µ =1.0. For all the three cases, two 
pressure confinements, P= 1MPa and P= 5MPa are set as two different boundaries conditions.The values of bulk strain εyy 
expressed as a percentage identifies the stages of progressive deformation in each models as shown in the Appendix B. And 
the key fracture patterns for peak point and lowest point observed from the vertical σyy-εyy plot are exhibited in Figure 5.  
7 7 
9 
7 
9 
7 
9 
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Figure 5. Numerical fracture patterns of peak and lowest stress points for models with different friction coefficient. A stands for the 
group when µ=0; B is the group with µ= 0.6; C is a group with µ= 1.0 (µ is the interface friction coefficient) 
 
 
 
A. εyy= 0.25%; P=1 MPa 
 
B. Compression resistance area 
Figure 6. A shows Bending phenomenon of Model 5 (εyy= 0.25%; P=1 MPa). B details a phenomenon of compression resistance to 
throughgoing fracture 
 
εyy= 0.20% (Pressure=1 MPa) 
 
εyy= 0.32% (Pressure=1 MPa) 
a. Model 5 (µ =0, P=1 MPa) 
 
εyy= 0.21% (Pressure=5 MPa) 
 
εyy= 0.28% (Pressure=5 MPa) 
b. Model 6 (µ =0, P=5 MPa) 
A. friction coefficient=0 
 
εyy= 0.21% (Pressure=1 MPa) 
 
εyy= 0.33% (Pressure=1 MPa) 
c. Model 1 (µ =0.6, P=1 MPa) 
 
εyy= 0.23% (Pressure=5 MPa)  
 
εyy= 0.30% (Pressure=5 MPa) 
d. Model 3 (µ =0.6, P=5 MPa) 
B. friction coefficient=0.6 
 
εyy= 0.20% (Pressure=1 MPa) 
 
εyy= 0.32% (Pressure=1 MPa) 
e. Model 7  (µ =1.0, P=1 MPa) 
 
εyy= 0.23% (Pressure=5 MPa) 
 
εyy= 0.29% (Pressure=5 MPa) 
f. Model 8  (µ =1.0, P=5 MPa) 
C. friction coefficient=1.0 
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Model 5 has no friction and moderately low confinement (Pressure 1 MPa). Before the first failure nucleates in the 
limestone, the normal stress reaches the maximum 16 MPa. Then shear failures start to occur in shale instantaneously, cracks 
in central limestone layer initiates by a bending deformation which formed at around bulk εyy=0.23%. Details in Figure 6 
present the dynamic stress fluctuations in the competent limestone structure, compression and tensile concentrations locate 
opposite to each other along the interfaces of horizontal layers. The propagations of flaws are attributed to local bending stress 
in rock structure instead of tensile stress formed by compression transition from shale to limestone. From normal εyy=0.23% ~ 
0.32%, this phase of sequential cracks formation due to bending phenomenon is accompanied by the rapid vertical stress 
reduction in the central layer from 17 MPa to 1MPa. The dynamic bending stress is not strong enough to propagate fractures 
cutting through the limestone thickness. As observed in the Figure 6, the crack tip is amplified by the bending stress towards 
the opposite compression concentration. However, the fracture cannot propagate all the way across the layer due to the lasting 
existence of compressive focus region.  
Model 6, Fig 5.Ab, has a relatively high confinement, Pressure =5 MPa. The shear failures in the shale nucleate 
immediately after the maximum average stress is reached which is around 19 MPa (Fig 7). During the bulk strain εyy reduction 
from 0.21% to 0.28%, complex failures network develop in the shale to release the vertical strain but no fractures occur in the 
central limestone layeruntil stress rebuilds (see Fig 7) and the first fracture initiates at about vertical εyy= 0.55%. (Appendix 
Figure AB.6) This postponement of failure in the limestone is mainly caused by the highly horizontal compression 
confinement which prevents the competent layer from stretching out in x direction, therefore, the opening of pull-apart cracks 
under bending stress mechanism becomes difficult to occur. Until the last simulation step when average εyy reaches 1.4% (seen 
in Appendix B), only four crack tips appearing in the final pattern illustrates that highly left-right confining pressure can lead 
to difficulty in material horizontal extension which is fundamental for cracks opening under bending mechanism.  
Model 7 and 8, with high friction coefficient=1.0, can be understood with reference to Fig 5.C and Fig 7 as a strong 
frictional behaviour case. Similar as the front progress of zero frictional condition, normal strain increase from about 0.2% to 
0.3%, the vertical stress σyy decreases rapidly accompanied by the yielding of both conjugate shear fractures in shale and 
tensile failures in the limestone. The lowest stress moment shown in Fig 5.C and Fig 7 illustrate that the main drop of stress 
energy is attributed to the high dense sequential fractures infilling. Compared to the same stages in Model 1 and Model 3 (Fig 
5.B), high friction case (Fig 5.C) in the interfaces between the two rock types leads to easily stress transition from conjugate 
shear failures to tensile effect. Therefore, more perpendicular fractures with high spacing density occur in a relative early 
stage.  
Model 1 and 3 has a moderately high friction coefficient of 0.6. When normal average stress σyy reaches the peak value of 
about 17 MPa (P=1, εyy= 0.21%) and 20 MPa (P=5, εyy= 0.23%), it is sufficient to generate tensile failures in the limestone 
layer and the following orderly fractures infilling release the vertical stress to about 1.4 MPa (P=1, εyy= 0.33%) And 12 MPa 
(P=5, εyy= 0.30%). The frictional behaviour is less dominant than that in the Model 7 and Model 8, correspondingly, the 
fractures density of this case (Fig 5.B) is little smaller than the one of the models when µ =1.0 (Fig 5.C) 
 
   
A                                                                                                  B 
Figure 7. Vertical mean stress plotted as normal bulk strain for models with different friction coefficients. 
A, confining pressure=1 MPa; B, confining pressure=5 MPa 
 
Heterogeneity Index Effect on Fracture Propagation: 
 
 
Figure8. Heterogeneous limestone layer with irregular mesh elements 
Y 
X 
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In order to investigate the heterogeneous impact on the entire progress of fracture evolution, the limestone layer material 
considered in this numerical simulation model consists of many irregular fine meshes with different rock material properties 
(Figure 8). Seven cases with different heterogeneity levels in the central limestone layer are applied in this approach. The 
heterogeneity for these lithology features based on the Weibull distribution shown below, follows the approach of Tang et al. 
(2008): 
1( ) ( ) ex p( )hi hi
o o o
hi u uf u
u u u
−  = − 
   
where u signifies the element properties (including Young’s modulus, tensile strength and shear strength, where both 
Young’s modulus and tensile strength are varying independently with the set weibull parameters but shear strength of interface 
element is linked to its tensile stress value); uo is assumed to be the average parameter value while hi is the variable which 
defines the shape of this distribution. If hi value increases, the function acts more similar as a normal distribution and the 
material properties tend to be more homogeneous. Therefore, hi is assumed to be the heterogeneity index in this case. For 
Young’s modulus, tensile strength and shear strength, they are assumed to base on differing distribution with same index hi. 
To study the influence of heterogeneity, a set of hi values is chosen as follows: hi=1.2; 1.6; 2; 6; 10; 14; 100, which indicates 
limestone material from relatively heterogeneous (hi =1.2) to relatively homogeneous (hi= 100), the entire fracture evolution 
progresses for differing hi values are shown in the Appendix B. 
In the previous literature, fracture infilling is predicted to occur in the middle part of existing fractures where suppose to 
locate the maximum stress concentration (Hornig et al, 1996). However, unlike the previous theories, many new cracks in 
relatively heterogeneous case (like hi 1.2) are observed to nucleate instantaneously not following the infilling sequence. From 
the fracture evolution shown in Figure 10, a variation of fracture propagation mechanism is observed for cases with different 
heterogeneity index. For relatively homogeneous case like model hi=10, the fractures propagate through the new crack 
initiation towards the tensile stress concentration and they acts mostly perpendicular to the layer interface. However, in the 
relatively heterogeneous layer material (hi=1.2; 1.6; 2), the newly nucleated flaws first scatter at certain elements with less 
strong strength stochastically and then coalesce to form a cluster of fracture. This is caused by the uneven local 
stressdistributions due to the existence of heterogeneous elements in this model. The final fracture pattern observed in 
limestone is contributed mainly by the extension of shear strength from shale layer. Therefore, the direction of the big 
throughgoing fracture cluster in the central layer tends to follow the shear fractures networks in the shale layers acting tilted to 
the layer. 
The stress-strain plot in y direction (Figure 9) shows the entire evolution progress of fracture networks with different 
heterogeneity index.  In the plot, the similar shapes of the three curves indicate that there are four key points in each of these 
cases representing four important stress-strain conditions respectively. In the model of hi=1.2, fracture pattern shown in Figure 
10.Aa presents the peak state (point a) when bulk ɛyy reaches 0.23%, many independent cracks in the limestone start to initiate 
at certain points with weak strength and they connect to adjacent flaws gradually. Then, the stress in the model is released 
progressively according to throughgoing fractures occur in the crack networks development. When these fractures nucleate 
passing through both shale and limestone layers, the bulk stress loaded to the layer surface could be accommodated to separate 
segments. As seen in the Figure 9, Point b (ɛyy=0.30%) is the state when the minimum stress is obtained after a period of stress 
relaxation. From point b to point c, the networks are similar and no more fracture generates because the existed fracture 
surfaces slip contributes to friction phenomenon which could cause resistance to the incremental strain in limestone layer. 
Therefore, after point c, the fracture pattern development mainly occurs in shale material instead of central limestone for the 
rest of simulation progress until ɛyy=1.40%. Another model for hi=10, the peak stress-strain state (Point a, when ɛyy=0.22%) is 
followed by initiation of independent tensile failures occurring from the shale-limestone interface acting perpendicular to the 
layer. Similarly as the model hi=1.2, when bulk ɛyy increases from 0.30% to 0.34%, incremental strain is caused by friction 
resistance due to the slip between existing fracture surface while no more crack evolution occurs during this period. After 
point c, vertical strain is released by fracture networks propagation mainly in the shale material until ɛyy=1.40%. In contrast, 
fracture pattern in the limestone stays almost the same. The S/T ratio is difficult to calculate for high heterogeneous model 
hi=1.2; 1.6; 2, because the final fracture networks in limestone layer are too complex. For low heterogeneous cases when hi=6, 
10, 14, 100. The ratio is a range from 1.45 to 1.98, acting similar as the homogeneous model. 
 
Figure 9. Vertical average stress versus normal bulk strain for 3 different hi models. A, B, C, D points are four key points indicating 
important stages of the stress-strain curves. 
c 
a 
b d 
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a. εyy= 0.23% 
 
b. εyy= 0.27% 
 
c. εyy= 0.32% 
 
d. εyy=1.40% 
A. Model 9. hi=1.2 (very heterogeneous) 
 
a. εyy= 0.22% 
 
b. εyy= 0.30% 
 
c. εyy= 0.34% 
 
d. εyy=1.40% 
B. Model 13. hi=10 
 
a. εyy= 0.23% 
 
b. εyy= 0.30% 
 
c. εyy= 0.35% 
 
d. εyy=1.40% 
C. Reference Model-Model 3. (homogeneous) 
 
a. hi=1.2; tensile stress state (σxx) 
 
b. hi=1.2; shear stress state (σxy) 
 
a’. homogeneous; tensile stress state (σxx) 
 
b’. homogeneous; shear stress state (σxy) 
  
 
D. Model 9 versus homogeneous Model 3. Tensile and maximum shear stress state 
Figure 10. A, B and C shows the different fracture patterns for model 9, model 13 and model 3,  refer to the key points highlighted in 
Fig 9. Fig 10.D is a comparison of stress state between model 9 (very heterogeneous) and model 3 (homogeneous). 
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Analysis and Discussion 
Confining Pressure Effect 
In the fracture numbers plotted as average strain in y direction (Fig 11), the increasing final fracture numbers is obviously 
accompanied by the enhancing confinement pressure. Also sequentially from lowest confining pressure Model 2 (P=0 MPa) to 
the highest Model 4 (P=10 MPa), the significant drop of S/T ratio (from 1.92 to 1.18) indicates that the fractures density is 
inversely proportional to the confining pressure loaded on the left-right boundaries. Details in Fig 2 shows that, compared to 
low confined models (P=1 MPa), highly horizontal pressure loaded models (P=5 MPa and P=10 MPa) could enable much 
more diffuse shear failures in shale to be damaged down to elements level and even make the cracks in limestone converge to 
clusters or zones under the extremely strong convergence effect of left and right boundaries (occurs in P=10 MPa) 
When vertical bulk strain is at around 0.3%, (shown in Fig 2) fracture evolution under different confining pressure P=0, 
P=5 and P=10 MPa indicates that high horizontal confining compression can postpone the development of tensile failures by 
making the horizontal stretching and deformation behaviour more supressed. In addition, the significant stick-slip frictional 
behaviour possibly contributes to highly stress remaining in the rock model, which could explain the continuing appearance of 
new fractures at a much higher strain phase in Fig 4. 
 
 
Figure 11. Accumulation of fracture numbers in the limestone layer versus vertical mean strain for models under different confining 
conditions, Models 1 to 4. 
 
Friction Coefficient Effect 
The plot of accumulated fracture numbers versus bulk strain εyy (Figure 12) illustrates that the friction coefficient of layers 
contacts can make a great impact on the fracture development both in 1MPa and 5MPa confinement cases. A bigger friction 
index could lead to increasing fracture numbers in the central layer, regardless of the confining boundary conditions. This is 
because the significant surface frictional events in the contacts can contribute to more energy transition between the shale and 
limestone layer which are the dominant tensile force to pull-apart fractures.  
The study also verifies the effect of boundary confining pressure mentioned above. The increasing nucleated failures 
numbers and postponed fracture saturation are observed in the comparison between different confinements while friction index 
is considered the same (Fig 12.A and Fig 12.B). If P=1 MPa, the plateau of curve µ=1.0 starts at about 0.55% (εyy), but the 
plateau initiates at later stage ~0.95% with higher confining P=5 MPa. Similarly for models with µ= 0.6), the saturation of 
fracturing evolution occurs much later when it is confined by higher pressure 5 MPa. Obviously, highly confinement has a 
higher plateau after the fracture saturation is reached. The remaining mean stress of plateau in Fig 7 with 5 MPa is much 
stronger than that confined by 1MPa, clearly shown in the tendency of the curves (comparison between Fig 7.A and Fig 7.B). 
The bulk stress plateau span a range from 9~12 MPa in Fig 7.B while the remaining stress is only 3~4 MPa in Fig 7.A. This 
difference can be understood with reference to Figs 13.A, 13.B and 13.C. The final fracture patterns in each model 
demonstrate that based on the same frictional parameters, either 0, 0.6 or 1, the diffuse shear crack networks seem to be much 
more dominant with high confined left-right boundaries than under low confinement. Therefore, more stress energy could be 
maintained by the shale fracture frameworks and then the extra significant stick-slip frictional events and frictional resistance 
to shearing in the shale can help maintain the residual mean stress at a relative high level. 
From Fig 13, the S/T ratio, calculated by the horizontal distance between two fractures apart in the limestone layer divided 
by spacing numbersbefore fracture saturation and opening, is 1.70 (µ=0.6; P=1 MPa) and 1.53 (µ=1.0; P=1 MPa) for the two 
models, which are very similar to the previous study by Latham et al. 2011 (Fig. 4c, model 3) and Tang et al. 2008 (Fig. 13H, 
homogeneous case). With higher confining pressure, vertical stresses across the frictional layer contacts preclude sliding so 
that the related fractures density is higher and S/T value is smaller: S/T=1.54 (µ=0.6; P=5 MPa) and S/T=1.33 (µ=1.0; P=5 
MPa) compared to the S/T mentioned above 1.70 and 1.53. Based on the same horizontal confinement, a clearly decreasing 
tendency of S/T values can be observed when the friction index increases from 0 to 0.6 and from 0.6 to 1.0. This reduction of 
S/T at saturation demonstrates that the more surface frictional effects occur in the layer interface, the earlier it can cause tensile 
stresses being imparted to the limestone layer which are fundamental for fracture formation 
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 A                                                                                                   B 
Figure 12.  Accumulation of numerically simulated fractures in the limestone layer expressed as a plot of normal bulk strain. 
A stands for the simulation results with 1MPa loaded confinement, (Model 1, 5 and 7). B is the case with 5 MPa confining pressure, 
(Model 3, 6 and 8). 
 
 
εyy= 1.33%; S/T=2.40 (Pressure=1 MPa) 
 
εyy= 1.33%; S/T=2.73 (Pressure=5 MPa) 
A. Final fracture patterns, friction coefficient µ=0 
 
εyy= 1.33%; S/T=1.70 (Pressure=1 MPa) 
 
εyy=1.33%; S/T=1.54 (Pressure=5 MPa) 
B. Final fracture patterns, friction coefficient µ=0.6 
 
εyy= 1.33%; S/T=1.53 (Pressure=1 MPa) 
 
εyy=1.33%; S/T=1.33 (Pressure=5 MPa) 
C. Final fracture patterns, friction coefficient µ=1.0 
Figure 13. Final fracture patterns for models with different µ value generated by FEMDEM simulation. S/T is fracture spacing to 
limestone layer thickness ratio before fractures opening up (by εyy= 1.33%) 
 
Heterogeneity Index Effect: 
From the fracture networks comparison between models implemented with different hi index and the homogeneous model 
(shown in Figure 10.ABC), a difference of crack generation mechanism is observed for cases with lower heterogeneity index.  
While similar crack patterns are obtained in the high hi model (such as hi=10) as homogeneous case, the models of relatively 
inhomogeneous materials when hi=1.2; 1.6; 2, generate different throughgoing fracture cluster acting tilted to the layer. 
(Appendix B). These fractures are mainly attributed to the extension of shear stress from shale layer. The Figure 10.D 
illustrates this theory by comparing the stress state between models hi=1.2 and homogeneous model. For lower hi index 
model, both tensile stress and shear stress can be observed clearly from the stress Figure 10.Da and 10.Db. The combination 
behaviour of shear and tensile stress lead to the scattered fracture network finally perforate the whole model. In contrast, 
tensile stress concentration seem to be the principle reason to propagate the newly nucleated crack tip while no obvious 
maximum shear stress is observed during the fracture evolution in the homogeneous case. (see Fig 10.Da’ and 10.Db’) 
In the heterogeneity effect plot (Figure 9 and Appendix B), the normal stress-strain curves indicate that when the 
heterogeneity index increases, the material strength becomes stronger. However, when hi increase to curtain extent as hi=10, 
the strength of the inhomogeneous limestone is close to homogeneous model. The strength of Model hi=1.2 is much lower 
than the reference homogeneous model. This is possibly because thelower hi index will lead to more complex fracture 
evolution occurs according to the significant unevenness of stress distribution. Correspondingly, the strength of the model 
would be attenuated due to the increasing numbers of flaws and especially throughgoing fractures perforating the entire model. 
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Conclusions and Recommendations 
Conclusions 
Three important potential control factors governing the realistic fracture evolution and spacing to layer thickness ratio are 
investigated in this paper based on a three-layer sandwich model using a FEMDEM simulation tool. The completion of this 
project contributes to a further understanding of sedimentary fracturing mechanisms, the main influencing factors being: 
1. The enhancement of horizontal confining pressure could lead to increasing fracture numbers in this model accompanied 
by decreasing spacing to layer thickness ratio (from S/T=1.92; P=0 MPa to S/T=1.18; P=10 MPa). Also, highly 
confinement could remain strong normal stress and postpone the development progress of strength failures by making the 
horizontal stretching and deformation behaviour more difficult. 
2. Higher friction coefficient could cause increasing fracture numbers in the central limestone layer obviously, which is 
possibly attributed by more energy transition between the incompetent and competent layer due to significant frictional 
behaviours in the interface. The observed S/T values are inversely proportional to the interface friction index. 
3. The heterogeneous model with lower heterogeneity index i.e. greater heterogeneity, might lead to the increasing numbers 
of flaws (especially obliquely aligned through-going fractures) because of the weaker strength due to the significant 
unevenness of stress distribution. The fracture S/T ratio is difficult to calculate for highly heterogeneous model hi=1.2; 1.6; 
2, because the final fracture networks in limestone layer are too complex and are certainly not simple tensile fractures 
 
Recommendations 
Due to the time limit, works such as using a better fracturing model including Mohr-Coulomb and studying a large model  
containing several layers of limestone and shale are not involved in this project, which deserve a more detailed and profound 
research. Future works could be focus on the failure propagation progress in order to better understand the realistic fracturing 
mechanism in oil reservoir and the associated control factors. 
 
Nomenclature 
α =Uniformly accelerated rate, m·s-2 
n =Dump file number 
P =Horizontal confining pressure, MPa 
S =Average spacing of fractures, m 
Tm =Total thickness of the model, m 
T =Limestone layer thickness, m 
 =Vertical mean strain 
hi =Heterogeneity index 
 =Velocity in y-direction, m·s
-1 
 =Friction coefficient 
 =Vertical stress, MPa 
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Appendix A: Critical literature review (milestone & summary) 
Paper 
No&Source Year Title Authors Contribution 
Int. J. Rock 
Mech. Min. Sci. 
&Geomech. 
Abstr. 13 (1976) 
135-148 
1976 “Discontinuity Spacings in Rock” 
S.D Priest, 
J.A. Hudson 
First to establish a relation between the Rock 
Quality Designation (RQD*) and the mean 
discontinuity frequency per meter. 
An important study of the geologically statistic 
model for fracture geometry 
Journal of 
Structural 
Geology, Vol. 
3, No. 2, pp. 
179 to 183, 
1981 
1981 
Relationship Between 
Fracture Spacing and Bed 
Thickness 
F. L. LADEIRAN. J. 
PRICE 
First to analyze the influence of the thickness of 
adjacent incompetent layers on fracture spacing 
based on a different method of presentation in 
which data are expressed as the number of fractures 
per unit length of traverse (regarded as 1.0 m) 
against bed thickness on a log-log plot 
WATER 
RESOURCES 
RESEARCH, 
VOL.28, NO.9, 
PAGES 
2327~2343, 
SEPTEMBER 
1992 
1992 
Discrete Fracture Network 
Interpretation of Field 
Tracer Migrationin 
Sparsely Fractured Rock 
 
Bjorn Dverstorp 
First tocompare the transport predictions with the 
flow-calibrated discrete model and tracer migration 
data from the field experiment. 
 
Engineering 
Fracture 
Mechanics Vol. 
51, No. 4, pp. 
575-583, 1995 
1995 
Mixed Mode Fracture 
Analysis and Toughness of 
Adhesive Joints 
 
H. L. J. PANG 
In this paper, finite element analysis was conducted 
to provide calibration factors for the stress intensity 
factor solution for the Compact Mixed Mode 
(CMM) specimen. 
Mathematical 
Geology, Vol. 
27. No. 4. 1995 
1995 
Analysis of Fracture 
Network Connectivity 
UsingPercolation Theory  
Brian Berkowitz To discuss the relevancy of results from percolation theoryto geometrical fracturenetwork models 
Journal of 
Structural 
Geology 
Volume 22, 
Issue 1, January 
2000, Pages 43–
57 
2000 
FractureSpacing in Layered 
Rocks: A New Explanation 
Based on the Stress 
Transition 
 
TaixuBai 
David D Pollard 
To bring numerical tool based on the finite element 
method (FEM) to analyze specific three-layer 
fracture model with existed fractures in the middle 
of the rock bed. 
American 
Journal of 
Science, 308: 
49-72. 
2008 
“Fracture Spacing in Layered 
Materials: A New Explanation 
Based on Two-Dimensional 
Failure Process Modelling” 
C.A. Tang, 
Z.Z. Liang, 
Y.B. Zhang, 
X. Chang, X. Tao, 
D. G. Wang, 
J. X. Zhang, 
J. S. Liu, 
W. C. Zhu, 
D. Elsworth 
First to model a series of shale-limestone sandwich 
cases with heterogeneity factors considered and 
obtain some new reasons for critical spacing to 
thickness ratio which are interface delamination 
and throughgoing fracture effects. 
Graduate Thesis 2010 
Modelling the Evolution of 
Fractures during Layer 
Normal Compression of a 
Limestone Shale 
Multiplayer Sequence 
Using a Combined 
FEMDEM Numerical 
Method. 
Xiaoyu Wang 
First to verify the FEMDEM numerical method of 
Y2D with friction implemented code and use this 
mean to simulate and investigate the entire fracture 
evolution progress. 
 
12th 
International 
Congress on 
Rock 
Mechanics,Beiji
ng, China, 18-
21 October 
2011 
2011 
Modelling the Evolution of 
Fractures using a Combined 
FEMDEM Numerical 
Method 
 
John-Paul Latham 
LiweiGuo 
Xiaoyu Wang 
Jiansheng Xiang 
To utilize FEMDEM tool of improved Y2D code to 
analyze the 3-layer sandwich model with 
compression boundary condition loaded 
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Thesis: Modeling the Evolution of Fractures during Layer Normal Compression of a Limestone Shale 
Multiplayer Sequence Using a Combined FEMDEM Numerical Method. 
Authors:Xiaoyu Wang 
Imperial College supervisor: John-Paul Latham and Jiansheng Xiang 
 
Contribution to numerical analysis of fracture formation: 
First to use friction implemented FEMDEM Y2D code in the fracture numerical simulation and to verify that the 
vertical compressive velocity loaded can lead to similar fracturing results as the tensile stress in the central 
limestone layer. 
 
Objective of the paper: 
To generate a realistic 2-D limestone shale fracture networks by using a numerical simulation method based on 
FEMDEM (Y2D) code. 
 
Methodology used: 
A two-dimensional finite-discrete element code developedby Imperial College London and Queen 
Mary, University of London was used to create a limestone shale layer-parallel model. The generation and 
characteristics of the fracture pattern were examined by using this numerical model. 
 
Conclusion reached: 
Some previous theories such as sequential infilling and fracture saturation are proven to be applicable for the 
vertical compression experiments. For the multilayer models, the ratio of limestone and incompetent shale bed 
thickness governs the fracture spacing to layer thickness ratio. 
 
Comments: 
This paper has important improvement to the previous study because the numerial fracturing model under vertical 
compression (equivalent to stresses caused by realistic overburden or burial) is investigated instead of affected by 
horizontal tension.However the regular mesh elements in this study tend to be too fragile and some of the 
numerical FEMDEM code need be improved. The change of compression condition from original tensile 
experimental condition is much more useful due to the realistic meaning especially for sedimentary rock bed. 
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12th International Congress on Rock Mechanics,Beijing, China, 18-21 October 2011 
Modeling the Evolution of Fractures using a Combined FEMDEM Numerical Method 
Authors:John-Paul Latham, LiweiGuo, Xiaoyu Wang, and Jiansheng Xiang 
 
Contribution to the application of combined finite-discrete element method (FEMDEM)on the fractures 
investigation: 
First toutilize FEMDEM tool of improved Y2D code with friction implemented to analyze the 3-layer sandwich 
compression model. 
 
Objective of the paper: 
The aim is to apply improved FEMDEM tool to simulate the generation of the fractures pattern in stratified model 
and to illustrate the effects on fracture spacing in layered materials. 
Methodology used: 
A Virtual Geoscience Simulation Tools (VGeST) developed by Queen Mary University London and Imperial 
College London was applied in this approach. 
 
Conclusion reached: 
Shear failures in the shale layer and tensile fractures in the limestone layer are taken into consideration in this 
approach. As a result, a range of 0.8 to 1.8 is obtained for the spacing to layer thickness ratio which is compatible 
with the observation from realistic geological conditions. 
 
Comments: 
This is an improvement based on the previous study from Xiaoyu Wang. The horizontal left-right confinement 
boundary condition in this paper (equivalent to compressions caused by realistic reservoir pressure and subsurface 
sedimentary condition) is very helpful for a further understanding of realistic fracturing evolution progress under 
surface. 
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[American]Journal of Science, Vol. 308, January, 2008, P.49-72, DoI 10.2475/01.2008.02 
Fracture Spacing in Layered Materials: A New Explanation Based on Two-Dimensional Failure Process 
Modeling 
Authors:C.A.TANG, Z.Z.LIANG, Y.B.ZHANG, X.CHANG, X.TAO, D.G.WANG, J.X.ZHANG, J.S.LIU, 
W.C.ZHU, and D.ELSWORTH 
 
Contribution to the numerical investigation of controls on fracture spacing and the further explanation 
Bring the heterogeneous factor inside the rock bed to numerical simulation of fracture propagation. 
 
Objective of the paper: 
To get a better understanding of the controls on fracture spacing to thickness ratio, using a new numerical tool of 
finite element code. To further investigate the reason of the existing of critical spacing to layer thickness ratio. 
 
Methodology used: 
A two-dimensional finite element code of RFPA (realistic Failure Process Analysis code) was applied in this paper 
which was based on the theory of elastic-damage mechanics. 
 
Conclusion reached: 
The fracture saturation in the previous concept could be achieved by several effects: 
1.  Furthering opening of exist fracture can release the tensile stress.  
2. The overlapping of the stress region between adjacent fractures could lead to decrease of the tensile stress 
between them.  
3. Some phenomenon such as interface delamination and throughgoing fracture maybe can preclude the further 
fracture infilling.  
 
Comments: 
This paper is very fundamental to the further investigation of fracture spacing research and several reasonable 
control effects have been well explained. Especially the study for heterogeneity coefficient sensitivity and 
throughgoing phenomenon, which need further study to verify the observation and theory therefore to obtain a 
better understanding for fracturing mechanism. 
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Journal of Geophysical Research, VOL.105, NO. B1, Pages 707-721, January 10, 2000 
Mechanical Prediction of Fracture ApertureinLayered Rocks 
Authors:TaixuBai and David D. Pollard 
 
Contribution to the understanding of mechanical control investigation on apertures: 
First to bring numerical tool based on the finite element method (FEM) to analyze mechanical controls on 
apertures both in confined and unconfined opening-mode fractures.  
 
Objective of the paper: 
To utilizethis new numerical method to investigate opening-mode fractures consideringseveral factors such as, 
aperture distribution, aspect ratio, Young’ modulus and Poisson's ratios. 
 
Methodology used: 
Modeled fracture systems with finite element method.  
 
Conclusion reached: 
The aspect ratio for the confined fractures is linearly related to the average strain, overburden stress and internal 
fluid pressure while the increasing aspects ratio is nonlinear to the increasing spacing to layer thickness ratio due to 
the interaction between adjacent fractures. Also, the influence of the interaction to aspect ratio depends on the 
value of spacing to thickness ratio. 
 
Comments: 
The numerical fracturing simulation is aneffective tool to give a visiable image for the potential relationship 
amongdifferent parameters such as aspect ratio, stress-strain state, Young’s modulus of the fractured bed, and the 
Poisson’s ratios. 
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Journal of Structural Geology Volume 22, Issue 1, January 2000, Pages 43–57 
Fracture Spacing in Layered Rocks: A New Explanation Based on the Stress Transition 
Authors:TaixuBai, David D Pollard 
 
Contribution to the understanding of stress state transition between two adjacent opening-mode fractures: 
First to bring numerical tool based on the finite element method (FEM) to study critical fracture spacing to layer 
thickness ratio based on a elastic three-layer model. 
 
Objective of the paper: 
To develop a three-layer elastic model with a fractured layerin the middle to have a better understanding of the 
linear relation between the fracture spacing and the fractured layer thickness. 
 
Methodology used: 
Generate the model by using a2-Dfinite element code FRANC (Fracture Analysis Code developed by Cornell 
University), which is based on the theory of linear and non-linear elastic fracture mechanics. 
 
Conclusion reached: 
The results of this paper have shown that the critical fracture spacing to layer thickness ratio can be influenced by 
the Poisson’s ratio and Young’s modulus parameter. When the fracture spacing to layer thickness ratio changes 
from greater than to less than a critical value, the vertical stress changes from tensile to compressive. 
 
Comments: 
The common critical fractures spacing to layer thickness ratio value is regarded as 1 in this literature, except for 
some specific condition such as internal fluid pressure, which is very principle and deserves to further researches to 
compare and examine the resultbymore numerical simulation with different effect factors considered. 
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Mathematical Geology, Vol. 27. No.4. 1995 
Analysis of Fracture Network Connectivity UsingPercolation Theory  
Authors:Brian Berkowitz 
 
Contribution to the further application of percolation theory to the connectivity aspects of fracture system 
First to discuss the relevancy ofpercolation theory results to the geometrical fracturenetworks. 
 
Objective of the paper: 
To establishthe relationship of percolation theory results to commonly used geometrical fracture network models, 
focusing on the principal aspects of fracture network connectivity. 
 
Methodology used: 
Theoretical predictions discussed in this paper were compared with results from a numerical model that creates and 
investigates discrete fracture networksin a 2-D rectangular region of the domain 
 
Conclusion reached: 
The Percolation theory correctly predicts connectivity and power-law relationships between individual fractures 
numbers and the interacted fractures groups in two-dimensional systems. 
The application of percolation theoryshould contribute to further understanding of geometrical hydraulic 
characteristics and flow-transport properties in fractured systems, and it is possible tosupport the insight needed to 
formulate the approximations capturing the essential properties. 
 
Comments: 
With the qualitative appreciation of connectivity factors, associated techniques could be developed to characterize 
and capture connectivity quantitatively and the percolation threshold. 
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WATER RESOURCES RESEARCH, VOL.28, NO.9, PAGES 2327~2343, SEPTEMBER 1992 
Discrete Fracture Network Interpretation of Field Tracer Migrationin Sparsely Fractured Rock 
Authors:Bjorn Dverstorp 
 
Contribution to the understanding of flow and transport properties in crystalline bedrock 
First to compare the transport predictions with the flow-calibrated discrete model and tracer migration data from 
the field experiment. 
 
Objective of the paper: 
To analyze the field tracer migration in heterogeneous fractured rock with a discrete fracture network model that 
has been calibrated on fracture and flow data from the Stripa-3D experiment. 
 
Methodology used: 
To compare the transport predictions with the flow-calibrated discrete model and tracer migration data from the 
field experiment. The discrete fracture network model, DISCFRAC, developed by Andersson and Dverstorp was 
used in this approach. 
 
Conclusion reached: 
The comparison made in this thesis confirms the fracture formation parameters obtained from the flow calibration 
except for the log standard deviation of the flow channel conductance, which had to be increased by approximately 
a factor of 2. Another important result of the discrete fracture network evaluation is that medium average properties 
do not describe transport in a heterogeneous fractured medium. 
 
Comments: 
Gathering data and building generic knowledge of transport processes in fractured rock is fundamental to 
understand flow and transport properties on a local scale. The transport simulation based on a rectangular domain 
mentioned in the paper is applicable. 
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Appendix B: Entire Progress of Numerical Fracturing Evolution 
The whole process of fracture formation for each model is shown in Figs. AB.1 to Figs. AB.15. 
 
εyy= 0.204% (1st fracture) 
 
εyy= 0.205% (3rdfracture) 
 
εyy= 0.207% (4th fracture) 
 
εyy= 0.217% (5th fracture) 
 
εyy= 0.222% (6th fracture) 
 
εyy= 0.227% (7th fracture) 
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εyy= 0.230% (8th fracture) 
 
εyy= 0.232% (9th fracture) 
 
εyy= 0.267% (10th fracture) 
 
εyy= 0.489% (11th fracture) 
 
εyy= 1.0 % (fracture saturated) 
 
εyy= 1.1 % (fracture saturated) 
 
εyy= 1.2 % (fracture saturated) 
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εyy= 1.3 % (fracture saturated) 
 
εyy= 1.4 % (fracture saturated) 
Figure AB.1: Entire fracture evolution progress for Model 1. 
 
 
εyy= 0.196% (1st fracture) 
 
εyy= 0.197% (2nd fracture) 
 
εyy= 0.198% (3rd fracture) 
 
εyy= 0.204% (4th fracture) 
 
εyy= 0.211% (5th fracture) 
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εyy= 0.217% (6th fracture) 
 
εyy= 0.218% (7th fracture) 
 
εyy= 0.219% (8th fracture) 
 
εyy= 0.220% (9th fracture) 
 
εyy= 0.221% (10th fracture) 
 
εyy= 0.269% (fracture saturated) 
 
εyy= 1.0 % (fracture saturated) 
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εyy= 1.1 % (fracture saturated) 
 
εyy= 1.2 % (fracture saturated) 
 
εyy= 1.3 % (fracture saturated) 
 
εyy= 1.4 % (fracture saturated) 
Figure AB.2: Entire fracture evolution progress for Model 2. 
 
 
εyy= 0.240% (1st fracture) 
 
εyy= 0.242% (2nd fracture) 
 
εyy= 0.247% (4th fracture) 
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εyy= 0.251% (5th fracture) 
 
εyy= 0.269% (6th fracture) 
 
εyy= 0.289% (7th fracture) 
 
εyy= 0.297% (8th fracture) 
 
εyy= 0.493% (9th fracture) 
 
εyy= 0.516% (10th fracture) 
 
εyy= 0.625% (12th fracture) 
30  SPE 
 
εyy= 0.893 % (14th fracture) 
 
εyy= 1.4 % (fracture saturated) 
Figure AB.3: Entire fracture evolution progress for Model 3. 
 
 
εyy= 0.275% (1st fracture) 
 
εyy= 0.282% (2nd fracture) 
 
εyy= 0.307% (4thfracture) 
 
εyy= 0.308% (5th fracture) 
 
εyy= 0.346% (6th fracture) 
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εyy= 0.353% (7th fracture) 
 
εyy= 0.383% (8th fracture) 
 
εyy= 0.391% (9th fracture) 
 
εyy= 0.396% (10th fracture) 
 
εyy= 0.459% (11th fracture) 
 
εyy= 0.464% (12th fracture) 
 
εyy= 0.905% (13th fracture) 
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εyy= 0.962% (14th fracture) 
 
εyy= 1.028% (15th fracture) 
 
εyy= 1.337%(16th fracture) 
 
εyy= 1.344% (17th fracture) 
 
εyy= 1.4% (fracture saturated) 
Figure AB.4: Entire fracture evolution progress for Model 4. 
 
 
εyy= 0.225% (1st fracture) 
 
εyy= 0.234% (2nd fracture) 
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εyy= 0.235% (3rd fracture) 
 
εyy= 0.259% (4th fracture) 
 
εyy= 0.292% (5th fracture) 
 
εyy= 0.300% (6th fracture) 
 
εyy= 0.908% (7th fracture) 
 
εyy= 1.0% (fracture saturated) 
 
εyy= 1.4% (fracture saturated) 
Figure AB.5: Entire fracture evolution progress for Model 5. 
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εyy= 0.551% (1st fracture) 
 
εyy= 0.603% (2nd fracture) 
 
εyy= 1.04% (3rd fracture) 
 
εyy= 1.293% (5th fracture) 
 
εyy= 1.4% (5th fracture) 
Figure AB.6: Entire fracture evolution progress for Model 6. 
 
 
εyy= 0.202% (1st fracture) 
 
εyy= 0.205% (4th fracture) 
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εyy= 0.207% (5th fracture) 
 
εyy= 0.215% (6th fracture) 
 
εyy= 0.220% (8th fracture) 
 
εyy= 0.224% (9th fracture) 
 
εyy= 0.228% (10th fracture) 
 
εyy= 0.234% (11th fracture) 
 
εyy= 0.282% (12th fracture) 
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εyy= 0.518% (13th fracture) 
 
εyy= 1.0 % (fracture saturated) 
 
εyy= 1.4 % (fracture saturated) 
Figure AB.7: Entire fracture evolution progress for Model 7. 
 
 
εyy= 0.233% (1st fracture) 
 
εyy= 0.240% (2nd fracture) 
 
εyy= 0.242% (4th fracture) 
 
εyy= 0.243% (5th fracture) 
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εyy= 0.250% (6th fracture) 
 
εyy= 0.257% (8th fracture) 
 
εyy= 0.261% (9th fracture) 
 
εyy= 0.283% (10th fracture) 
 
εyy= 0.366% (12th fracture) 
 
εyy= 0.570% (13th fracture) 
 
εyy= 0.607% (14th fracture) 
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εyy= 1.0 % (15th fracture) 
 
εyy= 1.4 % (fracture saturated) 
Figure AB.8: Entire fracture evolution progress for Model 8. 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy=1.3 % 
 
εyy= 1.4 % 
Figure AB.9: Entire fracture evolution progress for heterogeneous Model 9. 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1% 
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εyy= 1.3 % 
 
εyy= 1.4 % 
Figure AB.10: Entire fracture evolution progress for heterogeneous Model 10. 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy= 1.3 % 
 
εyy= 1.4 % 
Figure AB.11: Entire fracture evolution progress for heterogeneous Model 11. 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy=1.3 % 
 
εyy= 1.4 % 
Figure AB.12: Entire fracture evolution progress for heterogeneous Model 12 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy= 1.3 % 
 
εyy= 1.4 % 
Figure AB.13: Entire fracture evolution progress for heterogeneous Model 13 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy= 1.3 % 
 
εyy= 1.4 % 
Figure AB.14: Entire fracture evolution progress for heterogeneous Model 14 
 
 
εyy= 0.3 % 
 
εyy= 0.5 % 
 
εyy= 0.7 % 
 
εyy= 0.9 % 
 
εyy= 1.1 % 
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εyy= 1.3 % 
 
εyy= 1.4 % 
Figure AB.15: Entire fracture evolution progress for heterogeneous Model 15. 
 
Appendix C: Entire Sequences of Fractures Occurrence for Homogeneous Models 
εyy Fractures No εyy Fractures No εyy Fractures No εyy Fractures No
0.204% 1 0.196% 1 0.240% 2 0.275% 1
0.205% 3 0.197% 2 0.242% 3 0.282% 2
0.207% 4 0.198% 3 0.247% 4 0.307% 4
0.217% 5 0.204% 4 0.251% 5 0.308% 5
0.222% 6 0.211% 5 0.269% 6 0.346% 6
0.227% 7 0.217% 6 0.289% 7 0.353% 7
0.230% 8 0.218% 7 0.297% 8 0.383% 8
0.232% 9 0.219% 8 0.493% 9 0.391% 9
0.267% 10 0.220% 9 0.516% 10 0.396% 10
0.489% 11 0.221% 10 0.537% 11 0.459% 11
0.625% 12 0.464% 12
0.879% 13 0.905% 13
0.893% 14 0.962% 14
1.028% 15
1.337% 16
1.344% 17
εyy Fractures No εyy Fractures No εyy Fractures No εyy Fractures No
0.225% 1 0.551% 1 0.202% 2 0.233% 1
0.234% 2 0.603% 2 0.205% 4 0.240% 3
0.235% 3 1.041% 3 0.207% 5 0.242% 4
0.259% 4 1.072% 4 0.215% 6 0.243% 6
0.292% 5 1.272% 5 0.220% 8 0.250% 7
0.300% 6 0.224% 9 0.257% 8
0.908% 7 0.228% 10 0.261% 9
0.234% 11 0.283% 10
0.282% 12 0.366% 11
0.518% 13 0.570% 12
0.607% 13
0.903% 14
0.928% 15
Model 8
Model 1 Model 2 Model 3 Model 4
Model 5 Model 6 Model 7
 
Table AC.1: Occurrence Sequence of fractures in different homogeneous models. 
 
Appendix D: Vertical stress-strain curves for the whole models with different hi values 
 
Figure AD.1: Vertical average stress versus normal average strain for all the heterogeneous models. 
